The amount of shoot stem (i.e., woody part of the shoot) dry matter per unit shoot leaf dry matter (i.e., the shoot wood to leaf biomass ratio) has been reported to be lower in short shoots than in long ones, and this is related to the greater and earlier ability of short shoots to export carbon. This is important in fruit trees, since the greater and earlier carbon export ability of shoots with a lower wood to leaf biomass ratio improves fruit production. This ratio may vary with cultivars, training systems or plant age, but no study has previously investigated the possible effect of fruit production. In this study on two olive cultivars (i.e., Arbequina, with low growth rate, and Frantoio, with high growth rate) subject to different fruit production treatments, we found that at increasing fruit production, shoot length and shoot wood to leaf biomass ratio were proportionally reduced in the new shoots growing at the same time as the fruit. Specifically, fruit production proportionally reduced total new-shoot biomass, length, leaf area and average shoot length. With decreasing shoot length, shoot diameter, stem mass, internode length, individual leaf area and shoot wood to leaf biomass ratio also decreased. This may be viewed as a plant strategy to better support fruit growth in the current year, given the greater and earlier ability of short shoots to export carbon. Moreover, at the whole-tree level, the percentage of total tree biomass production invested in leaves was closely correlated with branching density, which differed significantly across cultivars. By branching more, Arbequina concentrates more shoots (thus leaves) per unit of wood (trunk, branches and root) mass, decreasing wood to leaf biomass ratio at the whole-tree level. Therefore, while, at the shoot level, shoot length determines shoot wood to leaf biomass ratio, at the canopy level branching density is also an important determinant of whole-tree wood to leaf biomass ratio. Whole-tree wood to leaf biomass ratio is likely to affect the canopy's ability to export carbon (i.e., towards fruits), as shoot wood to leaf biomass ratio affects the carbon export ability of the shoot.
Introduction
Leaves provide the autotrophic activity in plants. However, particularly in trees, in order to explore the environment in search of light, leaves need supporting woody structures such as roots, trunk, branches and shoot stems. These woody structures can be viewed as necessary but unproductive 'costs'. In wild tree species, these costs may be high because the plants need more supporting structures to compete for light with taller species/ individuals. In cultivated varieties, the competition is relieved by management and modern fruit tree cultivars tend to be smaller (i.e., low growth rate) and spend proportionally less in supporting woody structures, allowing them to partition proportionally more biomass in leaves and fruits (Cannell 1985 , Patrick 1988 , Obeso 2002 . This is the main mechanism of increased † Co-first author. productivity in modern cultivars McKee 1970, Archbold et al. 1987) , while photosynthesis has not been increased (Evans 1976 , Loomis 1983 . Therefore, understanding the partitioning of dry matter into wood structures, fruits and leaves is important for improving the productivity of modern fruit tree cultivars.
Focusing on the shoot level, the concept of the cost of the supporting woody structure (i.e., the stem) is captured by the wood to leaf biomass ratio: the ratio of stem (i.e., the woody part) biomass/leaf biomass, also known as axialization (Lauri and Kelner 2001) . Studying this ratio is important for fruit production in trees. In fact several studies have highlighted the importance of shoot length (i.e., spur shoots vs long shoots) in determining a tree's ability to support fruit production Lakso 1986a, 1986b) . Long shoots have greater wood to leaf biomass ratio (i.e., higher wood cost) than short, or spur shoots (Lauri and Kelner 2001) . This results in a lower and later ability to export carbon towards fruit, compared with short shoots that invest proportionally less in stem (i.e., wood), and stop growing earlier, thus representing stronger and earlier sources (Hansen 1977 , Lakso 1984 , Sansavini and Corelli-Grappadelli 1992 . This explains why yields are often correlated to the amount of spur leaf area but not to the amount of long-shoot leaf area (Sansavini and Corelli-Grappadelli 1992 , Wünsche et al. 1996 , Lakso et al. 1999 . Therefore, understanding the morphological differences among different axis and their physiological implications, including on reproduction behavior, is of both scientific and practical importance, potentially leading to improved managements practices and greater yields (Normand et al. 2009 and references therein).
Though there is evidence that shoot length and shoot wood to leaf biomass ratio affect the tree's ability to support fruit production, there is no information on whether fruit production, in turn, affects shoot wood to leaf biomass ratio. Considering that reproductive and vegetative productions compete for resources (Kramer and Kozlowski 1979 , Spurr and Barnes 1980 , Grossman and DeJong 1995a , 1995b , generally resulting in shorter average shoot length in fruiting compared with nonfruiting trees (Barlow 1964) , it is possible that fruit production decreases shoot wood to leaf biomass ratio (i.e., via shorter shoots), thus affecting the canopy's ability to sustain the current fruit production. Lauri and Kelner (2001) suggested that fruit load should be considered when studying shoot wood to leaf biomass ratio and plant architecture; however, no data are available.
Unlike other tree fruit species such as apple (Costes et al. 2006) , olive trees do not have spurs, bourses or other such specialized shoot formations (Castillo-Llanque and Rapoport 2011), which are typically short. However, fruit production reduces vegetative production (Connor and Fereres 2005) and shoot length (Castillo-Llanque and Rapoport 2011), potentially resulting in very short shoots, even if not specialized like bourses or spurs. This, in turn, could affect shoot wood to leaf biomass ratio and the carbon export ability and, consequently, the efficiency of fruit production.
The concept of wood to leaf biomass ratio can be extended to the whole-canopy level, considering the ratio of whole-tree wood biomass/total leaf biomass. In different species, different cultivars have been shown to have different branching levels (Lespinasse and Delort 1986 , Forshey et al. 1992 , Lauri 2007 , Rosati et al. 2013 ). Higher branching implies that the same wood structures, like trunk, root and branches, are shared by a greater number of shoots, or in other words, less wood is necessary to support the same amount of shoot vegetation. This should imply lower wood to leaf biomass ratio at the wholecanopy level, but no data are available. This is an important aspect, since a lower wood to leaf biomass ratio at the whole-canopy level is likely to imply greater carbon export ability of the canopy, just like it does at the shoot level.
In this work, we hypothesized that fruit production decreases the shoot wood to leaf biomass ratio by affecting shoot quality, particularly by reducing shoot length. This would improve the ability of the vegetation to support concurrent fruit production. To have a whole-tree perspective, we sampled whole trees rather than individual shoots. Additionally, we hypothesized that different branching patterns across cultivars affect wood to leaf biomass ratio at the whole-canopy level (i.e., the ratio of whole-tree wood biomass/leaf biomass or, expressed otherwise, the fraction of leaf biomass production over the total vegetative biomass production).
Materials and methods
This study was carried out at the Department of Agricultural and Environmental Sciences of the University of Perugia (Latitude N 43°6' 10", Longitude E 12°23' 39"), using 1-year-old selfrooted olive trees grown in 9.5 l pots. A total of 96 trees were used (48 Arbequina and 48 Frantoio trees). Trees were grown outdoors for 2 years (2014 and 2015) , and were regularly fertigated using a drip irrigation system, in order to avoid any water and nutrient stress. Initially, we planned to deflower half of the plants during the first year and then half of each treatment in the second year. However, Frantoio had no flowers the first year and only Arbequina could be deflowered. Both cultivars were deflowered the next year. To avoid confusion, rather than speaking of deflowering and control treatments, we called the different treatments fruiting (Fr) and non-fruiting (NF), whether this occurred naturally or because trees were deflowered. Therefore, plants that had fruits only in 2014, only in 2015, in both years or never, were labeled respectively as Fr+NF, NF+Fr, Fr+Fr and NF+NF. When trees were manually deflowered, inflorescences were removed in May of both years, when flowers were well formed,
but not yet open.
Trunk diameter was measured 5 cm above the base of the main stem, at the beginning of each year (2014, 2015 and 2016) , before vegetative growth started.
In February 2014 (beginning of the experiment) and February 2016 (end of experiment), six plants per cultivar (2014) or three plants per treatments (2016) having trunk diameter as close as possible to the average of all plants in each treatment, were chosen for destructive sampling (total of 12 plants in 2014, and 18 plants in 2016) . These plants were removed from the pots, and their roots were carefully washed in running water.
In February 2014, the plant was divided into leaves and the rest of the plant, including roots, and all materials dried in an oven at 80°C until constant weight was reached.
In February 2016, each plant was divided into root, trunk, branches and 1-year-old shoots (grown during 2015). These shoots were counted, and for each shoot, the diameter (in the middle of the first internode) and the total length were measured and the internodes counted. Leaves were then separated and weighed. A subsample of 30 leaves was separated and the total leaf area determined using an image analysis program (SigmaScan Pro 5.0 for Windows, SPSS Science, Chicago, IL, USA). All leaves, including the subsample (which was kept separate) were then dried in the oven at 80°C until constant weight was reached. Total leaf area was then estimated from the total dry weight of the leaves and the area per unit weight of the subsample. Individual leaf area and weight were calculated from the area and weight of the subsample of 30 leaves. Similarly, all 2014 leaves were dried in the oven at 80°C until reaching constant weight, but kept separate from the 2015 leaves.
In November of both 2014 and 2015, fruits were harvested and oven-dried at 80°C until reaching constant weight. In February 2016, the branching density of each tree was calculated as the total number of branches or shoots greater than 10 cm long, present along the central axis of the tree, divided by the total length of the axis.
Vegetative biomass increments over the 2 years were obtained by subtracting the average dry weight of the six plants per cultivar sampled in 2014 (excluding the leaves, which were no longer present in 2016), from the total dry weight of each sampled tree in 2016. As explained in a previous paper (Rosati et al. 2018) , this increment included virtually all the vegetative biomass production, considering that leaves persist for 2 years in olive, and thus all leaves produced during 2014 and 2015 were still attached to the plant at the final sampling. Additionally, no leaves, branches or other parts were lost during the experiment and root turnover was negligible. Further details on this are reported in Rosati et al. (2018) .
Data are presented as means ± standard errors (SE). Cultivar and treatment effects were statistically analyzed by ANOVA, according to a completely randomized design, and averages were compared using the Student-Newman-Keuls Test. The relationships between some of the parameters were evaluated by calculating the coefficients of determination (R 2 ) and the statistical significance of the fits.
Results
Total shoot biomass (stems + leaves dry matter), total leaf area, total shoot length and average shoot length of the new shoots grown in 2015 all decreased significantly and strongly with increasing 2015 fruit production, across treatments (Figure 1) . For all parameters, the values for the highest yielding treatments was about one-third or less of the value for the non-cropping treatments.
As average shoot length increased four times, from 5 to 20 cm, average shoot diameter increased about two times (Figure 2A ), stem dry mass increased about seven times ( Figure 2B ), internode length about two times ( Figure 2C ) and individual leaf mass increased about 50% ( Figure 2D ).
The overall shoot wood to leaf biomass ratio of 2015 shoots increased significantly and about four times with increasing average shoot length across treatments (Figure 3) .
To further investigate the partitioning of biomass into leaves and woody parts, leaf biomass of 2015 shoots was shown also as percentage of total 2015 shoot biomass ( Figure 4A ). This was then compared with the percentage of leaf biomass produced during the 2 years (2014 and 2015) over the total vegetative production during the same 2-year period ( Figure 4B ). The percentage of total 2015 new shoot dry mass invested in leaves was significantly different across treatments ( Figure 4A ). In particular, the percentage was significantly greater for the highest fruiting treatments of 2015, Arbequina Fr+Fr and Arbequina NF+Fr, and lower for Frantoio.
The percentage of total (i.e., whole-tree) vegetative biomass production, over the 2-year period (2014 + 2015) , invested in leaves was not significantly different across treatments within cultivars, but significantly higher for Arbequina (except for one treatment where it was higher but not statistically significant) than Frantoio ( Figure 4B ).
Branching density was significantly higher for Arbequina than Frantoio, with no significant differences among treatments within cultivars ( Figure 4C ).
The percentage of total (i.e., whole-tree) dry biomass increment, over the period 2014 + 2015, invested in leaves was significantly and strongly (R 2 = 0.81) related to the branching density, with Frantoio having the lowest values for both parameters ( Figure 5 ), suggesting that different branching pattern across cultivar, rather than fruiting treatment, dominated biomass partitioning into leaves at the whole-tree level, in the longer term (2 years).
Discussion
Effect of fruit production on vegetative growth
Fruit production proportionally reduced vegetative production in terms of total 2015 new shoots ( Figure 1A ). This agrees with previous findings on the depressing effect of fruit production on vegetative production (Salazar-García et al. 1998 , Stevenson and Shackel 1998 , Lauri and Térouanne 1999 , Costes et al. 2000 , Berman and DeJong 2003 , including in olive (Monselise and Goldschmidt 1982 , Rallo and Suarez 1989 , Obeso 2002 . Previous studies have not considered whole-plant biomass production across both cultivars and fruit production treatments. In another paper (Rosati et al. 2018) we have shown that the fruit production explained differences in the whole-plant vegetative production over the 2 years (2014 and 2015), not only across the different fruit production treatments, but also across the two cultivars. The present results confirm this finding using the 2015 new-shoot biomass data only (instead of the whole-tree biomass). For further discussion on the effect of fruit production on tree growth and on the partitioning of dry matter into vegetative vs reproductive productions, we therefore refer to that work. Here, instead, we focus on the effect of fruit production on quality traits of the shoots grown in the same year as the fruit (2015), particularly on the shoot wood to leaf biomass ratio, and its consequent implications in the shoot's ability to support fruit production. Total 2015 shoot biomass, total leaf area, total shoot length and mean shoot length, all decreased with fruit production across treatments and cultivars (Figure 1 ). In the context of this work, the decrease in shoot length is the most interesting qualitative parameter, because it correlates with changes in the spatial arrangements and quantitative proportions of the shoot components (leaves and stem, the woody part of the shoot), as will be discussed in the next session. The shortening of mean shoot length with increasing fruit production agrees with previous findings (Barlow 1964 , Avery 1969 , 1970 , including in olive (Castillo-Llanque and Rapoport 2011). In these previous studies, the comparison was only between 'on' and 'off' trees (i.e., trees with heavy fruit loads and trees with few or no fruits, respectively); the present data report a correlation with different fruiting levels across two cultivars. The results show a proportional response of all measured parameters to increasing fruit production, across the two cultivars, suggesting that individual, as well as total shoot growth is in strict proportion to the resources available. Effect of fruit production on the shoot wood to leaf biomass ratio
The reduction in average 2015 shoot length with increasing 2015 fruit production resulted in large changes in shoot characteristics, such as shoot diameter, shoot stem mass, internode length and individual leaf mass (Figure 2 ). The increase in stem diameter resulted in a more than proportional increase in stem mass at increasing shoot length (i.e., stem mass would increase proportionally to stem length if stem diameter remained constant) ( Figure 2B ). Internode length also increased with shoot length ( Figure 2C ). The parallel increase in both shoot diameter and internode length, increases more than proportionally the amount of wood per leaf. This was only partly compensated by a significant, but relatively modest, increase in individual leaf mass ( Figure 2D ), so that the overall shoot wood to leaf biomass ratio increased four times over the range of shoot length (Figure 3) . From an ecophysiological point of view, considering that photosynthesis is mainly a function of leaf area rather than leaf mass, the wood to leaf biomass ratio would be better expressed in terms of leaf area rather than mass; however, in this study specific leaf area was nearly identical and not significantly different for all treatments (data not shown), so the results are equivalent.
The present data show for the first time that crop load has a strong impact on the shoot wood to leaf biomass ratio, via regulating shoot length. In fact, the effect was so strong that at the highest fruit production level, the overall wood to leaf biomass ratio for all 2015 shoots was as low as in apple short shoots, while in the absence of fruit, it was comparable to apple long shoots (compare data in Figure 3 with data from Lauri and Kelner 2001) . Therefore, even though there are no spurs or burses in olive (Castillo-Llanque and Rapoport 2011), the different shoot length, as induced by different fruiting treatments, resulted in wood to leaf biomass ratios as different as for apple short vs long shoots. This means that, in olive, short shoots are equivalent to apple spurs in terms of biomass cost of stem compared with the cost of leaves. Additionally, since short shoots generally terminate their growth earlier than longer shoots (Barlow 1964 , Avery 1969 , 1970 , they have greater and earlier potential for carbon export (Hansen 1977 , Lakso 1984 , Sansavini and Corelli-Grappadelli 1992 , Lauri and Kelner 2001 .
These results indicate that when studying shoot architecture and wood to leaf biomass ratio across cultivars, shoot types, ages or any other parameter, it is essential to consider fruit production and its effects on shoot length. The results also suggest that, when studying wood to leaf biomass ratio, sampling individual shoots may not allow to find differences that may be found only by studying the whole-canopy population of shoots. In fact, in the present study, the shoot wood to leaf biomass ratio was studied for the first time at the whole-tree level rather than by sampling a few shoots or branches. Furthermore, while previous work (Barlow 1964 , Avery 1969 , 1970 , Lauri and Kelner 2001 ) compared short vs long shoots, the present data showed that the wood to leaf biomass ratio changes as a continuous function of shoot length. These results indicate that rather than a qualitative trait of different types of shoots (i.e., short or spur, vs long shoots), the wood to leaf biomass ratio may be a continuous function of shoot length, at least in olive. In other species, different shoot types may have different stem size and therefore different shoot wood to leaf biomass ratios at similar shoot length, as found for instance in mango (Normand et al. 2009 ). Nonetheless, within shoot types, differences in shoot length, as a result of fruiting, should be considered.
While the production of shorter shoots may be considered a response to high levels fruit production, via competition for resources between vegetative and reproductive productions, the lower wood to leaf biomass ratio of shorter shoots may be viewed as a plant adaptation to better support concurrent fruit production. In fact, the plant could respond to limited resources for vegetative production by reducing proportionally the number of shoots, maintaining individual shoot length. However, in this way the plant would reduce leaf mass (and area, and thus photosynthesis) proportionally to the reduction in vegetative production. This would reduce potential canopy carbon assimilation more than with shorter shoots. By producing more, but shorter, shoots, with lower wood to leaf biomass ratio, the plant is able to reduce leaf area less then it reduces shoot wood. In this way, the plant not only reduces its photosynthetic potential (source size) less than it would with longer shoots, but it is also able to export carbon earlier, thanks to the earlier carbon export of shorter shoots (Hansen 1977 , Lakso 1984 , Sansavini and CorelliGrappadelli 1992 , Lauri and Kelner 2001 . These findings are consistent with previous work indicating that fruit production reduces vegetative production in different proportions among plant parts, with the greater reductions in woody structures, but lower reductions in leaf mass (Maggs 1963 , Cannell 1985 . The present results indicate that this is probably the result of shorter shoots with lower wood to leaf biomass ratio.
The present data also agree with previous observations that, in dioecious species, differences in reproductive costs between male and female plants may results in different shoot and canopy architectural traits (Bond and Midgley 1988 , Kohorn 1994 , Verdú et al. 2007 .
Previous authors have suggested that short shoots are prone to flowering and fruiting, while long shoots tend to be vegetative (Bell 1991) , and this may be related to the different wood to leaf biomass ratio of long and short shoots, affecting the timing and intensity of carbon export (Lauri and Térouanne 1991 , Lauri 1992 , Lauri and Kelner 2001 . However, this may not be the case in olive, as the ability to flower and set fruit is greatly reduced in the year (i.e., 'off' year) following a year of high fruit production (i.e., 'on' year) (Cimato and Fiorino 1986 , Fernández-Escobar et al. 1992 , Ramos et al. 2000 , despite the fact that shorter shoots are formed in the 'on' year and could potentially flower and fruit abundantly in the following 'off' year. On the contrary, in the 'on' year, abundant flowering and fruiting is carried out by the longer shoots formed in the previous 'off' year. Therefore, in olive, shoot length and wood to leaf biomass ratio do not appear to determine subsequent fruiting on the same shoot, which is more related to previous year fruiting behavior and not to shoot length (Castillo-Llanque and Rapoport 2011).
Effect of branching on canopy wood to leaf biomass ratio
The percentage of total 2015 shoot mass invested in leaves was highest for the two treatments with the highest fruit production (Arbequina Fr+Fr and NF+Fr, Figure 4A ), reflecting their lowest wood to leaf biomass ratio (Figure 3) . However, when the whole-tree vegetative biomass production over 2 years (2014 + 2015) was considered, the percentage of total biomass invested in leaves (2014 and 2015 leaves, both present at sampling) varied somewhat differently among treatments ( Figure 4B ) than when considering only the shoots produced during 2015 ( Figure 4A ). Specifically, values were significantly greater for Arbequina than Frantoio, but without significant differences among treatments. One reason for this is that data in Figure 4B are from both 2014 and 2015, and olive leaves live on average 2 years (Rapoport 2004) . Therefore, the percentage of leaf mass over the 2 years was affected by the characteristics of the shoots from both years, and half of the treatments alternated between fruiting and non-fruiting across the 2 years, thus confounding the effect of fruit production over the 2 years.
However, this is not the only explanation. Comparing Figure 4B with the branching density shown in Figure 4C suggests a relationship between the percentage of leaf mass at the whole-tree level and the branching pattern of the tree. Particularly, it is evident that Frantoio has lower branching density than Arbequina, confirming previous findings (Rosati et al. 2013) , and a lower percentage of leaf mass. To better investigate this, we plotted the percentage of leaf mass against the branching density and found a significant and strong (R 2 = 0.81) correlation ( Figure 5 ). This supports the hypothesis that with higher branching, more shoots, and therefore more leaves, are supported by the same main structures (i.e., trunk branches and roots) resulting in reduced wood mass per shoot (Rosati et al. 2013) , and therefore per unit leaf mass (i.e., lower wood to leaf biomass ratio at the whole-tree level). It may be argued, then, that by reducing wood to leaf biomass ratio at the whole-tree level, higher branching habits increase the canopy's ability to export carbon from the leaves to the other organs, as it is the case at the shoot level.
In young (i.e., small) trees, with little self-shading, increasing leaf area per unit of total biomass should result in higher light interception and therefore faster growth rates, as reported in grass species (Poorter and Pothmann 1992) . Lower wood to leaf biomass ratio at the whole-plant level has been suggested to lead to more rapid autotrophy of the plant in young Rubus alceifolius plants (Baret et al. 2003) .
Conclusions
In the present study, we provided the first evidence that fruit production greatly affects shoot wood to leaf biomass ratio by proportionally decreasing average shoot length at increasing fruit production. The lower shoot wood to leaf biomass ratio may be viewed as a plant strategy to better support the concurrent fruit production, given the greater and earlier ability of short shoots to export carbon. However, viewing the wood to leaf biomass ratio at the shoot level does not provide a complete analysis at the whole-tree level, which has not been studied before. We evaluated this by considering the percentage of total leaf biomass production over the total tree biomass production over 2 years. The results showed that the proportion of leaf biomass mass production at the whole-tree level is affected not only by the shoot wood to leaf biomass ratio (consequent to fruit production), but also by the cultivar's branching habit. Higher branching implies more shoots and therefore more leaf mass (and area) per unit trunk, branches and root wood (i.e., lower wood to leaf biomass ratio at the whole-tree level). This is likely to affect carbon export ability and timing at the whole-canopy level, just as shoot wood to leaf biomass ratio affects carbon export ability and timing at the shoot level. This is important because it indicates that the branching habit, which is a genetic characteristic, is one of the main factors affecting carbon partitioning between wood and leaves and therefore this trait can be used for screening genotypes able to allocate more resources in leaves relative to wood and, consequently, to produce and export more assimilates towards fruits.
